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and Ca. These Interface studies were supported by extensive synchrotron radia-
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Cr81 N los1, TaSi, FeII oi N ISi, S, NiSi i2 9 and Pd Si and by cal ula-
tiou o th densiy of sas ofslicides (Horuzzi at IBM; lisi and Calandra
at Modena). We have sought to identify the important parameters In the formsa-
tin of the metal-silicon bond. We have deonstrated the systematic development
of the Si-metal p-d hybridization end the reduction of the Si sp3 bond.

Major breakthroughts Include:

1. The discovery of the commonality of the Si-metal p-d bond In the transition
metal sillcides, a bond which is responsible for stability of silicides and
reflects selective hybridization of metal and silicon states. These bonds
are basically the same in all metal silicides and their evolution is
reflected In the formation of Interface silicides. Understanding the
details will be the key to understanding the Interface itself.

2. The discovery that the formation of Interfaces proceeds In three basic
stages, namely the chemisorption stage where the adatom. is relatively
weakly bound to the surface, the reactive stage where chemical reaction
and interdiffusion occurs, and the covering-up stage where the overlayer
of metal Is basically metal-like in character but contains outd if fused
Si nonetheless.

3. The discovery that Si outdiffusion can be controlled by thin interlayers
between Si and a metal overlayer. By examining the Si-Cr-Au junction, we
found clear evidence that control can be accomplished by changing the
character of the interlayer, i.e. if the Intarlayer is fully reacted it
will enhance outdiffusion whereas if it is In the cheiiorption or
covering-up regime It will act as a barrier. This was the first time
that such catalytic effects were observed and were correlated to the
chemical character of the interlayer.
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Bri f Outline of Research Findings:
Ej)(A t fK~ A& _ro

* nave eitdnfthe electronicand morphological interactions which occur at
the interface between silicon and a variety of metals, including Cr, Ti, S., Au,
and Ca. These interface studies were supported by extensive synchrotron radiation
photoemission studies of bulk siicides, including TitSij, TiSi", VSij, NbSli,
CrSt7, MoSi , TaSit, FeSij, CoSi, NizSi, NiSi, NiSi, and Pd'SI and by calculations
of the denslt of states of silicides, (.w ri 4 f: _a tla- at M em).

hi-'_ ;.:-ff.t n i y., the imortant parameters in the formation of the metal-
sf1 bond. _-. ee-et-ated the systematic development of the Si-metal p-d

ihdization and the reuction of the Si sp3 bond. E-

ftl Major breakthroughs include:

1. The discovery of the co nality of the Si-metal p-d bond in the transition
metal silicides, a bond which is responsible for stability of silicides and
reflects selective hybridization of metal and silicon states. These bonds
are basically the sam in all metal sulicides and their evolution is reflected
in the formmtion of interface silicides. Understanding the details will be
the key to understanding the interface itself..

2. The discovery that the formation of interfaces proceeds in three basic stages,
namely the chemisorption stage where the adatom is relatively weakly bound to
the surface, the reactive stage where chemical reaction and interdiffusion
occurs, and the covering-up stage where the overlayer of metal is basically
mtal-like in character but contains outdiffused Si nonetheless.

3. The discovery that Si outdiffusion can be controlled by thin interlayers
between Si and a metal overlayer. By examining the Si-Cr-Au junction, we
found clear evidence that control can be accomplished by changing the
character of the interlayer, i.e. if the interlayer is fully reacted it will
enhance outdiffusion whereas if it is in the chemisorption or covering-up
regime it will act as a barrier. This was the first time that such catalytic
effects were observed and were correlated to the chemical character of the
interlayer.
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S9111on-refractory metal Interfaces: Evidence of room-
temperature Intermixing for SI-Cr

A. PRwcol D. J. POUrnan, an4 J. H. Weavr

Meiwai 17 FOAiMY lost; asapsid 11 Mal 1961)

Pbmueshmisa spectrocopy invesigaton of the Si-Cr inerface using synchrotron radiation
WWle.I*ea-eiodco intermixing during room temperature interface formation, in sharp
esam with the Si-V interlace. The intermixed phase is 10-13 A thick and is of defnte metalic
dceraur. For higher meal coverage (X 20 monolayers) photoemission from Si 2p levels with

nal- surfasce semativiy show Si segregation in the top layers of the Cr film

PACS uumberw 73.40.14s. 79.60.Eq, 8I 1.E, 66.30.Ny

In this commsicaim we report the first photoemiulon study were prepared by sublimation of Cr from a Ta boat using
of a sills .jfractory metal hntrface in which the tunability liquid nitrogen cooled electrodes ( preusure $2 X 10 1 Torr
of a symebrotron, light source hasbeen exploited to examine (2.8 X 101 Pa) during evaporation 1 We emphasize that the
valemc bnd-anid core level embin features. valence band high reactivity of the refractory metals imp. severe re-
esnisiuns from the interface region shows dramatic mcdii- strictions on the operating pressure. The high temperature
edsiu of the Cr-derived 3d dessulty of gates a a function of intermixing Process itself is very sensitve to the presence of
metal covesag and suggests the formaedo of an hsaevmxed contaminantss for the Si-refractory metal Interfaces. The
Interface. The Intermixed phese, formeod at room tempera. covetae 0. was monitored with a quartz thicke monitor
tueshowsa Fiitemetallic characsidr w"sCrSLe the only and is given In terms of S1(111) surfae atomic desity (9 -
bulk chrmsium sucide bnows to form upons heat treatment 1 monolayer at -7.6 x 1014 atoms/cm1 ). Synchrotron radla-
(at 4WC) of evporated Cr on SI, was reported to be a tion from the 240 MeV electron storage ring Tantalus was

sicsdtr'Emliio from the S11 p core, levels coafir iuinsoatze with a toroidalgrating moocrmator in
the intermixing and -sa -, an escap depth-drive expo- the photon energy range of 10-135 eV or with a Seya-Narn-
mutoa attenuation of the SI-derived embluin fromn the in- loka type mo-nochrom-_r (10 :6 hi, : 30 *V). The photo-

traeregion at higher metal coverages (12-2D monolayws). electrons were energy analyzed by a double pass cylindrical
Devidns from the exponential behavior ane shown at higher mirror analyzer.
coverags and. corepndngy Scar plueomllo %d- dies of the Si-Cr interface were carried out at .340 K
cate SI segregation at the surface, of the meta fihlm (RT) for metal comig of a I to 50inonolayeui In this paper

Aa lusreasiag amount of experimntal and theoretical in- we repat the interface behavior for9 0 XI For submonolayer
formation is becaming availalW on a1-mble, metals and SI- coverages we mention here,1' that the emission from the
mea-nobl metal spostem,' bet msh i. is known about S(OW1 intrinsic surface state is dramatically reduced at the
the foramaonof SI-rehfrat"ory tl Akcios The slicon- lowest cowing.s (Q1 :6 9 S 0.) without any detectable
idmsdory metals at*msare 1,ser- froa techoological change, of the Fermi level pinning pcsitlon Is
point of view. Refractory metal sibold growth by heat In Fig~ 1 we show photoelectron energy distribution curves
treatment of the interface' is a mast promising way of ob- (ED~s) for a photon energy of 21 eV to reveal the effects of
WM mWAtadm past1s. and Mw Pt materIals Wo very Cr deposition. The bottommost EDC for a clean SI11) sur-
large seelk Integrated circuit. This prose. may ado be face shows the well known Si valence band features anid the
valeable, for obtaining conductive layer stable at high tem- Intrini surface state ermssion Successive EDCs displayed
peam f~worhg acneadan olar m ysemor soidstate upward correspond to increasing Cr coverage and are nor-
ti rmoecleeric generators.'s We have started systematic in. maized to the incident photon flux. The uppermost curve

*(gaos fthe electrnic proere of bulk S-ercoy shows the emission spectrum of a thick Cr film (--30 A)
metal , Aound and here we present our firs results on evaporated onto oxidized tantalum and is in good agreement

interface, fomation. We hope in this way to contribute to a with the data for bulk samples. I' The emission spectrum for
better undeumanding of the chemical bonding anid structure a given coverage was found to be independent of the way the
of m eaemconductor interf acs.11.11 interface was obtained. Le.. if with one evaporation or with

In this paper we present;W 1 1,ummo spectroscopy studies a series of depositions. As shown in Fig. 1. at ht, - 21 eV the
with snebtoro radiation of the 51111-Cr interface. 51111) emision features of the Si substrate are visible up to coverages
substrates were obtined bv cleaving n-"yp. phosphorous- of 2-3 monolavers For higher coverages no substrate errmson
doped -1.5 a cm) Si stngie crvstais in an ultrabigh vacuum icatures are vuibie. as shown by the complete disappearance
system joperawung pressure $4 X 101 Torr 15-3 X O10- Pai!1. oi the Si huik feature -T.5 eV beiOw EF.
The experimental setup has been described elsewhere. 13 For 0 ?. 2 Fig. 1 clearly shows that the valence band is
Substrate cleanliness was monitored by detecting the Slit 11) dominated by Cr-derived Wd emission. althouith for ceverages
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ftEmIm. a~l(12SghvS 135 *'Act ofm mmeforAtiOn ofthe Si-Cr
kubm dm eek mw havurwihatmimtumiuing ad dniadmodiflic ofo
doe msol -in' d 4 imi I at scum Sedf-c.amim smmtedIs.'huis-Wave cula.
*i o OWe us d 1.PW.sud dinisu d stun for the uleid. Cr3 l CM1 and Cr41,

ks dmpliedi btdo b e i mue &low an dmndflmaia of Soma treds in the ame.
umm q= 2.0 Sbhempel boad formadamL Ths enpeamul and thd-

adullma a* iudaee inphl p where A i-4Ab kamized pbas is pracut
hra eph at a 10 1m11ma1k1m btwehe SI crysW and the neu=Wa Cr film Evi.

dun ofE 3upwm in tu top byam of the Cr mis. pevided

L U~OUTOIstudy an the (clawing.
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* .(sshwm u~ud~f MAIM pinnisg puldca.
t"dt*& 1v~ bdf istd.l (2) At mm lampeuuUMM an baa d phsss of

steausip~ephda 41 *101Ees are.I insdl Shimumer is formed at the siboaamch-
resla (a~ig ppiwI oiwisiper am Mmefaae ad compulsofaof perimuaI

amp ~ Aow &0 bm m hl&hv limafa aof *hWedn reslt I au that this interized
in Ie ~s i ~siu~pof pmeis &fih&

*NmdO . s .h ..... (2)*I TeValnEbM4d fWm and mNUred
duai~~inr k-hasdiy blr he&ght atk his iracedfte
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meoft-We em usm .1mb fame "Olug
~bmgmmd EWth lu, but ther Mi. Ite ampliado. is that the Si-Cr incerface mayno
~W~PI - diomr psrOpte Wd" e Molow trade oheerva for cther S-fmetal 1mw

~I~1Mill I thin W wiI,* (aiM 12 4thW mectiv W"0e1f0. the bUimm zu
~~~~~S. lb esmuMdfin 1C natu for- plm oaM at, rom tatuerar have elutmini

Mw". uuctw atudam to those of the wbsdk" sld.
mehve amwu ""almsd aWd cor""v pow. by hb-tenpessturu film 1mna.4. li
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fax 1) imwfm We bmv *0a pfume amvi- scadctr Si-rfrcry mud interfame

* ~~~ sims io th a mIain Swann. for a swim o SI. show, in fact, rmarkably diffeent propecties for
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ame s od paramelers thot give riaonable apree- Weber growth of an unreacted Cr film. the escape
@mat betw ~e 60 and experimaus for botlh depth difference (L = 5 -7 A for h v= 135ecV and
kv-20ad 135e*V. In ftg8(d) the betaee- L =10- 2 fo hv 20eV) s notenough to
mmn is obtaimid for a concentration ua, of explain the strong difference in the attenuation rate
1. 17X 1012 ialumd/cuzZ, with an Wsand radius of of the experimental spectra in Figs. 8(d) and 8(e).
_.2A. at 0.3, while in Fig. 8(t) we obtained Such a difference can be accounted for by assumn-

some! aftemens choosing a, 4. 10 X1010 ing that reaction does occur at the interface and
islands/ern 2 with islands of W68- radius at that an extended intermixed region forms upon Cr
e=3. The fact is that in assuming a Volaner- deposition on the Si surface.

IJ. N. Miller, S. A. Schwar& 1. Lindan. W. L. Spicer, B. the high reactivity of the refractory metals: in those
o Mich"ls L Abbaui. and L. Braicpich. J. Va. Sci instances where the pressure rowe to 6 -7 x 10 0 Torr

Technool I1 920 (198):, L Abbsti. L Draicovich. B. during evaporation, contamination of the evaporated
o Michelis, 0. Bisi. and Lt Rovetta. Solid State metal film and modification of the interface behavior

Com.1.7. , '19 (98L. was observed.
IL. Ivaicovich. L. Abbati. 1. N. Miller. L Lindau. S. 1frfle ASW method as developed by A. It. Williams. J.

Schwar.P. LSkesh. C.Y. Su.and W. LSpia. . K&Iand C. D. elattPhys.Rev. B 1. oQ4
Vac. Sci. Technal. IL 1005 (1980); L Braicovich. C. (1979)1 is the spherical wave analog of Slater's
?.L Gamer, P. L Skeath. C. Y. Su. P. W. Chyc. 1. augmented-plane-wave (APWI method and is closely
Linda. and W. L. Spicer. Phys. Rev. B 2&. 5131 related to Andersen s linear combination of muffin an
(1979). orbitals VLMTO) method (see Ref. 15).

2C. F. Druakwerad L J. Drillso., 3. Vac. Sci. Technol. 150. K. Anadersen. Phys. Rev. B 11.3060 (1975).
12L 617 (1191) Appl. Phys. Lest (in press). 16L F. Wagner and W. L. Spicer. Phys. Rev. Lett. :L

4P. S. Ho. T. Y. Tan. J.!L Lewis. and G. W. Rubloff. J. 1381 (1972) J. L Rowe. M. X Traum. and N. V.
Va. Sci. Technal. ii, 1120 (1979)W. LL Freecuf, 0. Smith. W&id a 1333 (1974).
W. Rublloff, P. L Ho. and T. S. Kas. PhYs Rev. 171. Barth. F. Gerken. K. L L Kobayashi. J. H.
Less 4311836 (19M.):P.L Schmid. P.SLHo. Weaverand B. Sonnag.J.Phys. C LL139 190).
M& and 0. W. Rubloff, W i Li.U 937 (1961). and our own unpublished results for thick layers of

IN'. W. Ceinng P.3J. Grntheae F. 3. Orunthaner, J. Cr deposited onto oxidized Ta substrates. All of the
W. Mayer. and B. h. M~ich. L. Va. ScL TechnoL results discussed for thick inms agree with what we
UL 917 (1981) .P. L nothamsr, F. 3. Grunthanar, found for cleaved bulk samples of Cr.
and'3. W. Mayer, ibd 11.9U4(198M). 111 Lindau and W. . Spicea. J. Electron. Spectros. Re-

GJ- Anduews and L C. Phillips. Phys. Rev. Lest. IL. lat Phenom. 1, 4M911974).
56 (19M1, S. Y. Louit, . L Cheikowsky, and M. L "Itprannaples calculation of a sulicide electronic
Coben, L. Vac. Sci. Technoll 11790 (1976). awture is usually a difficult and expensive task due

TL J. Drills.. 0. Margulsfdo and N. 0. Stofte to the large number of atomns per unit cell and to the
Phys. Row. Lems jL 667 (198M). complicated crystal structure which determines the set

40. Ofsavismi, .LVsc. SaL Teahnol. IL 1 12 (1979): U. of basis functiont to use. CrSi2 , for eample, exhibits
924 (1981); &. P. Murarka. ibid IL 775 (1980). the C40 structure with hexagonal symmetry and nine

OL N. Tu. ia Thiun PUn, Inn'edofUm ien d Rteains atom per unit cell. Hence. theoretical information is
site by 3. b. PaSta.L N. Tu. and 3. W. Mayer often obtained with seiniempirical approaches or with
(W11ilq, Chiaetter. England. 1978). calculation for simplified lattice structures, as in this

101. H. Weaver. V. L Mouuazi. and F. A. Schmidt. Paper.
Phys. Rov. 9 U~ 2916 (1981) for bulk VS., TaSi2, Z0Similar calculations were performed tsee Ref. 10) for a
and MoSil; A. Franciosi. 3. H. Weaver, D. G. O'Neill. number of refractory metal silicides and the systemat-
F. A. Schmidt. 0. D. MacMasters. 0. Disi. and C. ic trends allowed the interpretation of photoemission
Calmndra (unpublished) for bulk Cr511 and high. spectr of bulk VSj1, TaSi,, and M4oSi!.
temiperature interface meaton. ZIP. S. Ho. 0. W. RubioiT. J. L. Lewis. V. L. Mtoru..

I t 3ected results for coveragn G > I were discussed in and A. Rt. Williams. Phys. Rev. B 'al. .84 ;19501.
an earlier paper. A. Franciosi. 0.3. Peterman. and 3. 210. Bisi and C. Calandra. J. Phys. C L4: 5470 ! 9SlD.
H. Weaver. J. Vea. Sat. Technol. 12. 657 (1981). :3J. Rath and J. Callaway. Phys. Rev. B j, 5398 t 0.1

1:0. Margantondo. J. H. Weaver. and N. 0. Stoffel. J. the more recent calculations by D. 0. Laurent. J. Caxl-
PhysI. E Ad' 662 19,701. laway. J. L. Fry, and N E. Brener. Phys. Rev. B ..

13luch stringent *per-uing zonditions were iffoosed )v 497~ A981) jaVe 4 vir'uaily :.CntaCai denitV nJf Statft.
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'4Me number of electrons per atom that correpond to Pandey. in Proceedings of the 14th International Se~mi-
a givenfeature in the DOS ma be easly obtained conductor Conference. Edinburgh. 197&. edited by B.
nimbefing that the structures CuAu. CuAu.and L. H. Wilson (Institute of Physics and Physical So-

CaAup have jus ane formula unit per cell. ciety, London. 1970).
% Ithe peesecase the onlyavailableCr core levelwas ZD. L Estman. Phys.Rev. 81 1(1970;H. B.

the shallow 3p with overall photoemassion intensity Michaelson. 3. Appi. Phys. &i 4279 (1977).
that made it usutable for coverge-epedent stud- 28F. G. Allen and 0. W. Gobeli. J. AppI. Phys. U,. 597
im. Even in those case where it is possible to moni- (19641: M. Erbudak and T. E. Fischer. ?hys. Rev.
tor core binding energy shifts of bot elements upon Lett. it 732 (1972); J. E. Rowe. Phys. Lett. 9A.
bumar compound fornation. the observed -chemical 400 (1974); J. E. Row&. H. lbach. and H. Ftoutzheim.
shift and no be related in an elementary way to the Surf. Sci. fl, " (1975): W. M&,ch. ibid. aL 79
actual charge transfer. see for instanice. Rt. E. Watson (1977).
and M. L Perlman. Struct. Bonding Z.82 (1975). 29P. S. Ho. P. E. Schmid. and H. F611. Phys. Rev. Lett.
Charge transfer in energy band calculations is diffi. &. 732 (1981); G. W. Rubloff. P. S. Ho. J1. L.
cult to defin because A depends on the manner in Freeouf. and J. E. Lewis. Phys. Rev. B 21.4183
which space is allocated to the different constituents. (198 ).
As a further complication, we vary the lattice con- 30G. V. Hansaon. L. Z. Bachrach. R. S. Bauer. and P.
stan: of the compound (by systematically changing the Chiaraia Phys. Rev. Lett. -j 1033 (1981); 1. V=n
sphere volumes of the constituents) in order to deter- Sci. Technol. II. 559 (19811.
mine the minmum total energy (theoretical equilibri- 311. Abbati. 0. Rossi. 1. Lindau. and W. L Spicar. J.
urn). In our calculations, the space allocation of the Vac. Sci. Technol. 12. 636 (1981); G. Rosi. L Abba-

* onttuents, is determined by calculated bulk modulii ti. L. Braicovich. 1. Lindau. and W. E. Spicer. Solid
B and volumes of the constituents in their elements! State Comnmun. It. 195 (198 1).

forms. In changing the volumie of the compound (to 32J G. Clabes and 0. W. Rubloff. J1. Va= Sci. Technol.
find theoretical equilibrium). a constituent with a IL 903 (1951); J. 0. Clabes, (private communication).
large elemental volume and a smsall elemental bulk JJD. Shinoda. S. Asanabe. and Y. Sasaki. J. Phys. Soc.
modulus suffers, a larger volume change than One with Ipn. 12. 269 (1964).
a smalg elemental volume and a large elemental bulk 34X. N. Tu. Appi. Phys. LetL U,. 22 1 j1973); ft. W.
modulus. The charge transfers referred to in this Bower and J. W. Slayer. ibid. =Q 359 (1972).
work are all based on this construction. 35E. Boue and H. Poppa. Thin Solid Films 1'2.. 167

260. E Eastmnan. F. J1. Himpsel. J. A. Knapp. and K. C. (1972). and references therein.
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Elecuomic stuocture Of nickel sificides Ni2Si, NiSi, and NiSi2

A. Franciosi and J. H. Weaver
~Spebrotro Riddd Cente. Uxiwsujy of Wbewn-Madson, Stoeaghtax. Kwlsnun 53589

F. A. Schmidt
Annr Labomowy. 16im State UniwmnAY. AM&s low 5J0l

atacreasn 7 January 1912) . ~ n Nia
Synlucronradatin botemisio sn~esofbulk samples o I.VS n ii

show vla ad mission dominated byNi 3d -derived fetures. These d bsnds shift
towrd Aran bradn wthinceaingNiconcentatim anid NNintrcm fing a

-3.2 eV for NiSi, and - 1.3 eV for NiSL In each case. the density of states near E, is
very low. Thus reault ame interpreted interms of recent calculations which are shown to
forecast correctly the general trends and modifications V, 0iE- silicide electronic structure.
Futher. they indicate that the d~bad features observed in photoemussion reflect d states
which are no directly involved in the Ni -Si bomdb. Care-level studies show that charge
transfer plays a mior role in the chemical bond. but changes in the electronic configun.
don accunt for the observed shifts in the Ni 3p binding energy.

The structural and electronic properties of metal in binding energy and width when going fromn
silicides use receiving increasing attention in con- Ni2Si to NiSi1. This trend refiects the reduced d-d
nectio. with effors to undustmnd the behavior of hybridization in the Si-rich silicides. Core-level
reactive Si-metal interfaces.' Most transition met. phtanuio ults, show that ioaicity plays a
&is and ue-noble-metals cant reac with silicon at minor role in the stlicide chemical bnd; configur-a-
low temperatures or eve at room temperature to tion and possibly relaxation effects explain the ob.-
form thin silicidelike phases. 1 The presence of served shifts in binding energies.
such reaction products at the interface determines
the properties of electronic devices and is of
paramount importance in the new technology of EXPERIMENTAL
very large scale integrated cicuits'

To better understand chemical bonding at the in- The samples were prepared by comelting high-
*terface and to identify potential structural and purity nickel and silicon in a nonconsumable arc

electronic differences between bulk sulicides and furnace. The melts were made on a water-cooled
these silicidelike phass one must examine both copper heath under a purified argon atmosphere,
bulk and interface silicides. However. very little is NitSi and NiSi melt congruently and formed rein-
known about the electronic structure of bulk sili- tively large grain; NiSi1 forms perizCucaly at
cides.' In this paper we discuss a photoemisuion 960'C To ensure that the pentectic reaction was
investigation of the bulk pikel silicides NiSi, completed, and to enhance pain growth, the NiSi1
NiSi, and NiSi2. These results have direct beating casting was heated for five days at 950*C Metal-
on interface studies and they are also important lopaphic examination showed the samples to be

*from the point of view of bulk electronic structures single phase and analysis verified that they were
of alloys because one rarely has an opportunity to stoichiometric.*
study several stable phases of an alloy and observe All measurements were performed in an
systeatic. in tie electronic structure. ultrahigh-vacuum photoelectron spectrometer

The meaurements discussed here reveal well- (operating pressure 5 4 x 10- "1Torrn. Clean suir-
defined trends in the electronic structue of the sil- faces were obtained by fracturing the samples in
icide series and allow us to make comparison with situ and then moving them to the common focus
a anmber of recent density of states calculations. of the monochromatic synchrotron radiation beam
The Ni 3d -derived band is shown to dominate and the electron energy analyzer. Details of the

*the valence-band spectra and to vary substantially experimental system have been liven in Ref. 10.

56 46 :0 1982 The American ?yicm Socicty
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Chemical banding at the Sio-metal Interface: Si-NI and Si-Cr
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Chemical bading at the interfce at a near-noble-metal (Ni) and a transition metal (Cr) with Si is
exmined through synchrouradiation photoelectron spectroscopy studie of i situs formed
interfaces, atcleaved bulk sucdes, and ad disordered surfaces prepared by sputter etching of the

* silicides. Interpretation of these experimental results is guided by paralle linear combination of
atomic orbitals ILCAO) lextended Huckel approximation) calculations of stoichiometric Ni and
Cr silicides.

PACS numbems 73.40.Loi, 82J30.Pv, 79.60.Eq. 6848.4+ f

L 114TROoUCTON mission and Auger mesrmnsI were performed with a
For most silicon-metal systems chemnical reactons occur in double-iiass cylindrical mirror electron energy analyzer.
th inefcrlo mdrn o-eprtr I Rutherford backscattering and channeling measurements
formation.I The .msrmo of tbe rution product-_ helpedi characterize the samples used in the sputtering ex-
of Aindementai kmportance in undermaning interau periments of Si-Ni.' Total and /-projected density of states

Shottky berricii knato ad Ad growtli 3  calculations were performed for stoichiometric slicides us-
It was recently shown that tomtmeamdepostm n g the LCAO method in the extended Huckel approxima-

of I, Pd, and Pt an SiP gim e to silicidelike reaction pro. il
ducts at the interfuL " Such phases have electrotuc Struc- If 31-Hf
tures close to but no identical to, the metal-rich silicides

iSi Pd2si. and Pt2SLThe diffrences have been ascribed In Fig. 1 we compare photoemission spectra" for NiSi.
tocouspasiton gradientsin asmoothly vaying interfice rm NISL and NiSi2 taken at hv = S0 eV with the density ofste
Pa. ,'I to locl bonding distortios at an otherwise sharp calculated for the stoichiotnetric compounds. As shown, the
intehae$ bewe Si and an ordered, stoichiognetri silicide -1 calculations are in very good agreement with experimeni
and to the presence of interstitial metal atmsa in the Si latice The valence bands are dominated by Ni 3d-derived features
neighboring the sulicide-metal interac. Lans a known which shift toward I, and broaden with increasing Ni con-
about Si-refractory metal interfaces but it has been suggest- centration and Ni-Ni interaction. Comparison with theory
es& that difreut mechanisms control silicide nucleation in shows chat the valence band enussior, r. ,ost sensitive go Ni
thmn syse= since they exhibit higher formiation tempers. d states that are not directly coupled with Si-derived orbitals.
turn,. different Amrs nucleation phase (dieiicide) and L~e.. nonbionding d states. The bonding Si-p/Ni-d staue,
growth kineic than do Si-ar noble iseta interfaces shown shaded in Fig. 1. are relatively invisible since they are

Many of the #=isng controversies and ambiguities in the fewer in number and are more extended in energy than the
interface literature refiect, in our opinion an incomplete nonbonding Ni-d states. The calculation and experiment
knowledge of the electronic structure of bulk stoichiometric show that the Ni-derived nonbonding states are modified as
silicides and the physical parameters which affiect thenm To the Ni 3d-Ni. 3d interaction changes in the silicide series.
address some of these interestng problems, we have per. The main 3d feature farrow, Fig. I I falls 3.2 eV below E. for

* formed photoensission studies with synchrotron radiation of NiSi., at 1.8 eV below for NiSi. and 1.3 eV below for NiSi.
in situ cleaved bulk samples ofNi2Si. NiSi, NiSi.,' and CrSi..' The apparent full width at half maximum iFWHM) in-
and compared our data with calculations of the electronic crease by more than a factor of two on going from the low-

*density of the states for Ni2Si. NISi, NiSil. Cr2Si, Cdi. and Ni compound NiSi, to the Ni-rich silicide Ni..Si. At the same
Cdi2."- In addition, we have examined the electronic pro- time, the binding energy of the Ni 3p core levels varies in a

.ete of Ar sputtered NiSi, so as to consider the effects of way which is nearly identical to that of the center of the d
long-range order and of large deviations from stoichiometuy. bands. In contrast to this. the binding energy of the Si :,
These Pesuits are compared with interface resuits., [evels does not change 2pprecabivy" and therefocre he !:fe---

The photoemission experInet used radiation fr*omi the ot* harge:ransfer .s -ompensateu 6y !he zhange -.n reiaxa-
240 MYV eectron storag ring Tantalus. A toroidal grating fion and other potential changes in all came and does not
-oohoao was used to disperse the radiation. Photce- appear to be systematically related to the observed core shift.

I. -II ; -v -- ,, I .*.*'.,.'.



sai emphasize the nonbonding 3d features, as we found to a Cc-Si composition gradient as in the Case of Si-Ni.
be the ame for the NI-uilicids FIng. 1) LThe d-states that ame In this paper we have presented experimental results for
pudfictedtobe directly involved in the bonding with Si are several bulk Ni and Cr silicides and these have been comi-
fulanvely inviuible in out dama presumably because the Cr- pared to our calculations and to experimental results for the
d/SI-p hybidkization, modifies the partial phttnun Si-metal interface. We have shown that the silicide density
cras sections for these states. of states has a region of nonbonding character which falls

As was the case, for Ni sulicides, the nonbonding d-states between the hybridized Si-metal bonding and antibonding
rdfect the reduction of the Cr-Cr interaction which accoan- regions and that the nonbonding features are most visible in
panis decreased meta content in the Cr silicide sequence. photoemission. By examining trends established expertmen-
The calculations clearly indicae that the width of the non. tally and theoretically in the electronic properties of the Ni
bonding 3d manifold, which is determined primarily by 3d- silicides, we have shown that the Si-Ni interface exhibits a
Vd interaction, decreases but they also show that these bands Concentration gradient starting from a NiSi-type situaion
ane cut byEZi. Since only the id-states below Ep are visible in during the early stagts of formation and that there is no

phooemssinchanges in Composition are observed less evidence of a NiSi.like phase or of interstitial Ni in silicon.
dramticllyin photoemission spectr for Si-Cr than for Si- The results for the Si-Cr interface are less clear cut and are

Ni. being examined through systematics involving other refrac-
During room-temperature formation of the Si-Cr inter, tory metal silicides.

* ~face photoeumson spectra from valence and core levels in-.
dicate that Si-Cr intermixing occurs at the interface for met.
al coverage up to - 10 monolayers " The 3d valence band wawoka th .Unvsiy oWiscon'siII wassuppoted by the L1. S. Armny
emission for the intermixed phase is substantially different, aeUsC~ Oft.c Under Contract So. DAAG29-8 1.K.0140. The wori, at
from that of bulk Cr The main 3d emission feature shifts the University of Mode=a was supported by Centro ds Caicolo Ui. aversiti
toward E, wihincreasing metal coverage for 0< 10sd diM
then back toward its position in bulk Cr for I9>10. Cone 'L. StateoVick. 1. Abbati. J. N. Miller. 1. Lindau. S. Schwarz. P Rt. Skeath.

C. Y. Sua, and W E. Spicer. J. Vac. Sci. Technol. 17.1005S (19801.
sponldingly, a very small shift of the Si 2P cores to lower 'J. M. Anrw and J. C. Phillips. Phys. Rev. Latt. 35.!~6#*19731. G. Otta-
binding energy is olerved. Comparison of our experimental ,a Y. N.Tea.and. w.. Myer. Pys. a 3X4 35!41198 1.
and theoretical reults for Crusilicides shows that thene inter- 'K. N. TU.. The FdM' Iawe~Uf~o Ond RfaMPOns. Vdatad by J. M. Poate.
mixd phases ame Si-rich. K N. Toa. and J. W. Mayer Wiley, Chichester. Englanid, 19781.

VThe valence band spectra for the interface region With 41. L PFtOtaL 0. W. Rublot. P. S. Ho. and T. S. Kmni. Plays. Rev. Lett. 43.
e- 1 ansimiar n sme rspets t ou muts fr blk. 1836 119791.
9-10are imiar i soe repecs toourmult fo bul 5P. S. Ho. P. L Schmid. and H. F6o1. PhLs Rev. Lett. 4C 732 (198 11.

cleaved Cr~i2 but there are atso clear differences lioss of fine 'A. FMaCUos. J. H. Weaver. and F. A. Schmitt. Phys Rev. DuIo be publ-
structure, greater overall width). as shown in Fig. 3. Since liaed) 'will provide details corsceana photoesnason atudits of bwik
the only Cr siii preiously known to grow on Si upon NiSL Ni-t. and NiSa2.

recinat, 40 T is CrSi2, we conclude that either nonstoi- 'A. Franezost. J1. H. Weaver. D.0G. O'Neill. F. A. Schmidt. 0. 0. %LMas-

chiomewric mixed phases or local bonding distortions are ws 0. 3" an .Clnr t epbih
present at the Si-Cr interfac. *Y. ChoalA. FwOsL J. H. Weaver. J. E. Rowe- and ). M Poate. Plays.

The interpreation of the modidcation of the valence band Rev. a ito be pubibdl will discuss resaais obtained with spuerd NiSi:
with increasing coverage ( <10) and of the early stages of andPd2m surfwALa

4interface formtation is less clea cut than for Si-Ni. For Ni ""5tls ofthe upertmentd tup cabe found in 0. Marpantando. J. H.
Wmver, and N. 0. Stoffel. .1. Plays. E 12.662119791.

silicides the messured. M 3d sate were modihed through "A. L. Wm an N. D. Lan$. PYLys Rev. Lent. 4& 9541 19731.
chiange in Nif-Ni interaction. The Si-rich Cr silicides are 121. Abw L. Bramcvich. V. del Pmnnato. 13.0 eMichelis. and S. Vaer. n
more complex; fewer Cr 3d states form the occupied nion- Promeadinp of the fth International Confereeton SoladSearfacus ana 3rd
bonding sectioni of the dbands and these features lose impor- Euaropean Conferaees on Searface Science Cannes. Prance 1980. anted
tanc compared to the deeper CIV-d /Si-p bonding states with by D. A. do Gras and M. Coa iSeppi. a is Reve "Le Vide. Los Couches

increasing Si Content. At the same tinme the overall width of Mian."No. 1.011 iSociete Franeaase DuVide. Pam~s France 19811. Vol.
this nonbondig section around Er decreas but only the "P. J. Grnnthsner. F. 1. Onanthaner. A. Madlbukar. 4a'4 J. W Mayer. J.
states below E, are seen through photoemission and it is Vac. Set. Tecknol. 19. 6491193 11.
difficult to forecast the reulting experimental trend. In- "J. L Praou. Solid State Comuen. 33.19S9 11960.
creasing the Cr content during interace formation Y40 < 12, "J. P. Sueait. Crizai Cheo.nwuy and Semeconducnenii in Troasiton Metai

howver wedidnotobervs cangtowrda lwerdenity 5dwry Compounii iAcademric. 'New York. 19711 p. 101.howeer.we id nt osere achane twar a lwerdenity '*A. Fraciosa. J . Peternian. and)J. H. Weaver.)1. Vac. Sea. Tecuanol. 19.
of states at E, isimilar to that of CrSi) so that the modifia- 657 (198 11; A. Franciasa. D. I Pateruan. 1. H. Weaver. and V. L. Mor.

~0tion of the valence band cannot be unambiguously related to eua. Plays. Rev. 325.491 1981.
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Bulk suicides and Si-metal interface reaction: Pd2 Si

A. Franciosi and L. H. Weaver
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(Received 7 Otbr1982)
We report synchrotron-aiation phaoeomission studies of cleaved PdSi in which we use

Qd Cooper minmmas ad 4p--Q resonance: techniques to identify the bonding S! p-Pd d
own 3J.-J eV below 2,. the Sis stats at 9J eV. the nmonbeding Pd Qd stats centered
at L5 V. and hybridized Si-Pd or Pd sp states within 1.5 eV of E,. The resonant photo

.mumiomchaique was shown to yield detailed information about the orbital character of
the valence states ad to be applicable mn principle to all Si-d-metal systesm Comparison
of bulk P 1S with palladiums silicide thermally grown on Si(l 11) shows the main Qd emis-
ionfeatuaL.SVshifed.3 eVthiherbinding energyrelatveto bulk PdSi. an in-
armed fual width at half maximum (2.5 versus 1.5 eV), and substantially greatwermission
froms Se p-metald bonding staes This confirms that the palladium suicide formed on Si is
Si rich war the silicide-vacum interface and shows that the electronic structure of the up-
permest silicide layers differs from thai of bulk Pd2Si.

INTODUCTION phocoemisuion techniques. While both techniques
have been previously applied to other systems for

The interface between two dissimilar materials analyzing the electronic density of states, this is the
frequently exhibits structural and electronic proper- first application to a bulk Si-metal compound. The
tis which are different from theae of either maten- present reults clearly demonstrate the potential of
aL. These interfaces are of great fundametal. and such techniques in understanding the Si-meta
technological importance because of their role in chemical bonding and directly reflect on the model-
Schottky barrier formation, Proximity effects for sa- ing of the Si-Pd interface. Resonant photoemission
pe1rcon -ductors. ohmic contacts. coherent modulated obtains complementary information with respect to
stuactures, etc Major experimental and theoretical the Cooper minimum technique and allows investi-
programs are presently underway which examine gation of the different contributions to the electronic

atmi diffusion interface morphology, and ele- density of states in the Si-3d-metal system where
tuasic structures.''9 the other technique is not applicable.

To character=e the reactions which occur at in-
terfaces requires a thorough understanding of Si- XEIMNA
metal chemical bonding in bulk sulicides. The elec-
tronic structure of Pd2Si has been the subject of Bulk samples of Pd2Si were prepared by co-
intense interes in connection with Si-Pd interface melting high-purity palladium and silicon unde an

rutiiL However, all the data available so far argon atmosphere in the water-cooled copper hearth
concern siidus obtained by metal-filmn reaction on of a nonconsunable ar furnace. The resulting but-
Sit4I11) following beat treatment that enhances sur- tons were zone refined to enhance grain growth. X-

-,face segregation and causes composition gradients at ray diffraction studies showed the C22 hexagonal.
the silicide-vacuum interface. The present study (,Fe 2P-type) structure of Pd Si with a - .493 ±0.003
concerns bulk Pd!Si samples cleaved in it and Aand c= 3.4.40=0.004 k' Clean surfaces suitable
represents the first systematic study of the bulk elec- for photoemission studies were obtained by fractur-
tronic structure of Pd2Si. as emphasized by the ing the samples in the ultrahigh vacuum photoelec-
relevant differences observed with respect to the pre- tron spectrometer at operating pressures of
vious literature. To study the character of the - 3 x 10- " Torr. Immediately after fracturing, the
electronic valence states. we systematically applied samples were positioned at the common focus of the
to Pd2.Si Cooper minimum and resonant- monochromatic synchrotron-radiation beamn and the

3554 1983 The Akmerican ?hiysical Soczety



-f - .

3540A. FL4NCIOSI AND J. H. WEAVER 27

O~runt ddrsiLpoint we do no attach much physical significance to
Ip'w an etensive review. sm L 3. BrUilio. Surf. Sci. Rep. these beme of difficulties in secondary background

(in preow. subtration and taking into account the varying experi-
3L. Urnicovidi, L Abbad. 3. N. Milletr. L Linda.. S. mental resoltion.

Schwan, P. It. Skeath. C Y. 5u. sand W. L. Spicet, 3. 140. Bii and C Calandra. J. Phys. C 1S 5479 (1982).
Yes. Sci. Technol IL 1003 (1980). 13R. M. Boule. A. L. Dunsworth. 3.-P. Tan, and H. L

31. L Freeouif. 0. W. Ruboff. P. S. Ho. and T. S. Kuan. Skzsver. 3. Phys. F ID.2197 (1980).
Phys. Rev. Latt. 1136 (1979%; 3. Vac. Sd. Technol. 16A. Frenciosa and 3. H. Weaver (unpublished).
IL 916 (1980. 171. w. Cooper. Phys. Rev. ULZ5 681 (1962). For reso-

'P. L Ho. P. L. Schmnid. anid IL Poll, Phys. Rev. Let. JL anna photoemisaicsn see W. Lauth. F. Lutz. 3. Barth,
722 (1"IL 0j. Kalkoffen and C. Kuma Phys. Rev. Lett. Ai. 1185

SPlaotoemission studies of silicide, obtained by metal-filmn (1978).
racede. em Si crysuas wie performed for Pt2Sa and 161 Ablati. 0. Rossi. L Braicovich. L Lindau, and W. L
PtA by L Abbasi. L Draicovich, and B. De Michelis. Spicer. J. V=c Sci. Techanol iL. 636 (198 1).
SOlN State Commun. IL 145 (1980); for NijSi and 193. N. Millet. S. A. Schwarz. 1. Lindau. W. B. Spice., 3.

'I'Nu% by P. 3. Orunthanet, F. 3. Grunthanser, and A. De Michelis. L Abbati. and L. Draicoivich. 3. Vac. Sci.
Madhukar, 3. Vac. Sc. Techol IL. 637 (1982); 2A 680 TechnoL IL 920 (1980): 03. Rossi. 1. Abbati. L. Braico-
(1912). vich. 1. Lindau. and W. E. Spicer. Solid State Corn aun.

OP. SL Ho. 0. w. Rtubioff. J1. B. Lewis. v. L Monazza. and &2 195 (1981).
A. L Wliliams. Phys. Rev. B JU. 4784 (1980). per- MM. Hecht and 1. Lindau (unpublished); see also Ref. 19.
farmed phaoeemissia measuments on Pd2Si obtained 21P. J. Gnanthaner. F. 3. Grunthaner. and A. Madhukar.
by thin-film reaction. J. Vac. S&. Technol. 32, 680 (1982).

7P. J. Orunsaer. F. L. Orunthaneir A. Madhukar. and 3. 22R.~ E Dietm L. (. NicRac Y. Yafet. and C. W.
W. Mayier. 3. Vac. Sci. Tschnool 1& 649 (1931), per- Caldwell. Phys. Rev. Lets. 11 1372 (1974); see also R.
formed xay phatoemassion measurimsents on Pd4Si. B. Diet&. L.0. McRae. and 3. H. Weaver. Phys. Rev.
NtjSi and NiW obtained throughs thIn-film reaction. 3 I1. 2229 (1980).

IY. ChabaL. . B. Rowe. I. M. Poa"e A. Franciosi, aNd L 23L C Davis and L A. Feldkamp, Solid State Commun.
H. Weaver. Phys. Rev. 3 2L. 2748 (1982). discuss; ii 413 (1976); Phys. Rev. A 1.L 2012 (1978).
phosoemissien results for NiSi2 and Pd2Si foamed by 24J. H. Weave and C 0. Olson. Phys. Rev. B 1_4 3251
meta-film reacition Si(1 11). (1976).

9phoenmasan studies of bulk sdicide samples cleaved in 23U. Fano. Phys. Rev. 111 1866 (1961).
situ wee performed for VSib, TaSi 2, and MoSi2 by 3. H. 26E. 1. McGuire. 3. Phys. Chem. Solids 21. 577 (1972).
Weaver. V. L Moruzzi. and F. A. Schmidt. Phys. Rev. 17W. Oudlet and C. Kunz. Phys. Rev. Last. 2L. 169
31 2.1 2916 (1981); for Ni1Si. N&~a and NiSil by A. (1972).
Franciasi. 3. H. Weaver. andl F. A. Schmidt. ibi& 2L, 2For the deeper lying Pd3d1 ,z cores. Ginthaner et al.
546 (1932v; for CrSi2 by A. Franci=si J. H. Weaver. D. (Ref. 211 measured a binding energy of 336.8 eV in
0. O'NeillY. ChabsL J. E Row&e. .Poste.O0. Bisi. PdSi as compared with the Pd value of 335.4eV gven
and C. Calandra 3. Vie Sca. Technsol. IL1 624 (1982). by the same authors and of 335.0-335.6 eV given in

1OB. Arasc and A. Nylund. Acta. Chem Scad. aS the literature (see Phooemtsuion in Solids 1. vol. 27 of
l0ll (1969). report lattice constants of a- 6.497 and Topics in Applied Physics, edited by L Lay and Mi. Car-

c-3.432 A for Si-deficient Pd1Si and a -6.528 and dona (Springer. Berlin. 1978)]. Ile resulting shift of
acc: c3.437 1A for Si-rich Pd2Si. 1.2-1.8 eV to lower binding energy is consistent in sign

"0. margnndo. 3. H. Wyeaver. and N. G. Stoffel. 3. but of smaller magnitude than the shift observed in Fig.
Phys. E 12. 662 (1979). 3 (2-3 eV). A quantitative comparison of die two

12The Si 2p binding energy of 99.13±015 eV cotresponds shifts. however, would require binding-energy measure-
to the peak intensity with respect to a linearly extrapo- menus (or the 4p and 3d cores in Pd metal and in Pd1Si

% lated secondary background. The experimental resolu- with similar techniques and surface sensitivity, and is
tion made it difficult to decompose the Si 2p doublet not possible at the present time tRef. 12).
(spin-orbit splitting -0.6 eV for bulk silicon). Emis. 29The intensities were normalized for monochromatorU .sion from the Pd 4p core states was extremnely low in the output, storage ring beam current. etc.. but assuming
whole photon energy range explored here and the band- the transmission of the analyzer to be constant, i.e.. the
ing energy of the Pd', levels an Pd metal is 51.8±0.6 point-source approximation.
eV. from Phaotoemission in Solids 1. Vol. 27 of Topics 30The cross sections were measured after substracting 1
in .4ppliud Ph.~sics. edited by L. Ley and M. Cardona secondary background linearly interpolated between 10
Springer. Berlin. 1973). eV and 4. The use of different criteria does not modi-

l!Figure I suggests shifts of appromamately 0. 1 eV if. for fy the qualitative trend shown in Fig. ..

eaamnol. the position of the mnain -id emsaon feature~s .'Results obtained with x-ray notcaemibsion Ref. I -U .omoared for r: V an 11.> 00 -V AI :N'a: .;3wet suface sc-istivit\ .re :n '%etter areemnen wit.1
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ow ul stdis.The Sip,,n cor emision appears a, determines metal enrichment with repec to the intialow.83b0.1 stdean hssuysda 9.2e nJf Si-rich caosnon.W Based on the present work withe.&*er 1 hut t hisa astuyW atO of 7 ed ilm epRd.ed bulk PdSL this appears to be the ase and as pointed
afS m teten t2WCo P ims*~g out in Ref. 8, this (acs a recalibration Of the CcDas

3tAn alterntive -bulk- efiect MeNdingl to the whole 41onal cnetaissaeC ntewr fCae
depth of the ruacted phase, would be a composition 371 Aal. G osLa6 oic.LladuW

S dffernce below the dtgction limit of Rutherford Spier, Aba' &. Dose Lh Briov. pl. Lindn . L9backsoatering. acamodaed in a PdzSi lattice stmu- Sp98er.sdB.eMchs,.ApL hy f 69tore. J. 1.. Preuf. 3. Vac. SCi. TeWAWL A3 910(18)
(1981), noted that the Phase diagram for Pd-S shows 380. W. Rubloff, P. S. Ho. J. F. Fresou~f. and L. E. Lewis,
that PdS ias no in thermodynamic equilibsium with Phys. Rev. B 23.4183 (1981).
silion so that the bulk stoichiometty of a Pdji fim in 3The spectra from Rd. I8 have been corrected far an or-
asesasable equilbrum with Si as St rich. This effect rousm positioning of the Fermi level [L Draicovich
however, is intrimically Ies notieab in our mesure-" (private communicationh].
meats than the Si en ient At the sicie-vacuum in- 4

0A Si-rich Pd,Si-like phas will show an increase Of Si
terfac observed by several authors (RufL .23. and 371 p-Pd d hybrid orbitals at the expense of the 4d aon-
for Pd2Si growth an silicon bonding orbitals. Also, the shift of the Qd emission to

3J& Oura, S. Okada. and T. Hanawa, Appl. Phys. Leti higher binding energy is expected from the systematics
121705 (1979). of DOS calculations (or the PdSi.PdSi series (Ref. 14)

34S. Okada. L. Ours, T. Hanawa, and L. Satoha. Surf. Sci. and of photoemission results for Pd.Si,. disordered
M7 8S8(19801; JL Ours S. Okads, Y. Kshikwa. and T. alloys. See 3. D. Riley, L Ley. J. Azoulay, and IL
Hmanas Appl. Phys. LaL &A 138 (1982). Terakura Ptys. Rev. 8 2&. 776 (1979); P. Oelhafen, M.

3RL Tromp, L J. van ILaenen m. Iwani, L. Sweenk. and Liard, HA-. Guntlerodt. K. Berresheam. and H. D. Pa-
F. w. Saris, Thin Solid FilmI 351(1982). lashegg. Soli State Commun. AQ 641 (19791.

361a Rdf. 8 it was proposed that prefernl sputtering Of "1Since the annealing process does yield Si enrichment (see
a stoiiometric silicide was the most lkey explanation RdI. 40), the nunre within 1.3 eV of Er do not seni re-
of this effect. However, in Ref. 25 of that paper, we lated to a tailing below Er of the Si p-Pd d antubond-
described a possible alternative siuation in which the ang states.
sid& surface is Si rich after annealing and sputtering

Ax
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S-C0 AND Si-Pd INTERACE REACTON AND BULK ELECTRONIC
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We Paa a uyt3 um d aiat =vApbateuas~as dv o~ shde aclan.. at teSi iIIis-Pd
d (111l)-Crbem aaud fe alusmnum o .f ul Pd.2SL 05~2. rl, VSi. COSi 2.* MSW2 and ?42&L ThUS reled On &p/mawal4 hyiduaot. the bading and mobandiag

owwwdokoi dsm. and th. daomping of S1., and Sk. sumt as pwudmetl b% roast
eal~amw Cinptuili eat MRl aidu. wt* Pd and Cr sAfid. shwmaill Von, as &he
dilee.-vmi wuefaw s thu te Asuittre ad esmpa of tdw r.a pvwnb phase
smpend to NdS ani CS, but tha &be owanfa eleeszae snusiw uafbita an isearvs. to she
ims- 1 3 ofthe beemiug ..aIW/aiim-p dansv d stawe fusay. S..mmnichmesss as the
dilsdt..emm awhab wiiaa &Me appombn diffema. betwmetd heulowtst: snnwmu of the

1,mb ad bel Alid.

SM"id u'owth at silicon-tranuitim metal interfaces is of paramount mpor.
tam im &bse teckhIMo of very large scale integrated circuits 1.4 However.
the mieroeco*i mechanisms of Si-S bond breaking and silicide formation are
wot sumficiudy naderaood for detailed modleling of the interface chemnistry.
Indeed it is only widhin the last few years that the fible tools of the interface
umCe010 (phosoesion LIED, Auger. TEM, RMEED. etc.. and theoretical
inedela) a been brought wo bear on these important scientific and

Weaooga prolems.n ho3iso studies of bulk and interface silicides to
examline the electronic interactions and growth properties of sdicides. In this
paper, we focus on the thermal processing of the Si-Pd and Si-Cr junctions
and on the growth of the silicide phases at the interface (both Si-Pd (3-91 and
the SI-Cr [101 have been extensively studied at room temperature). Results for
the uilicdes. grown on &i are compared to those for bulk Pd 2Si and CrSi I toi

0039-6023/3/0000-OO=/$03.00 C 1983 North-Holland

~ ~) Author emios in red& please

4' Printer eros in blue

IMPORTANT
1 . Please correct proof$ carefully
2. Restrict corrections to instances im whichi th~e W~oof

%, F



II I. *11141 J. Vam S&. TagheeL 17 (1960 775.
me - J~si.. Varm S& Tobsa 16 (igm I I '* 1(1931) 9:4:

LK4 Tm. =h rMh PRO1111diffullds and RAM.6M IdA. J. Pte. JLN. Tu and J.W.
Mompe (T1y. ChlhoKI

PtL I L AbbllL -N. 34030F. L Lindam S. Scoba. PAR Sksub. CY. Sea and wjX
Spiew. J. vomom So. Tahee 17 (1960 I=0.

(41N. 103w. LA. S-bvemy L Lbnd.. W.L Spier. L. De MichLe 1. Abbas anld L
- * * iLb 3L Vmm Sol. Tahee. 17 (1960 920:
0. laLd L Abbm. L I 'Lm~h L Limda. and W. SPiser. Saild State Comoms. 39 (1911

13] L Abbmas. QRom iL imdowad W.L Spicer. J. Vacuum Sm TechgL 19 t 1981) 636. .~ 4
141 PAL 0.fehMe. P4.- GObaahen. A. Madhuhkar and I.W. Mayer. J. Vacum Si. TechooL 19

(19164- PF0uemt 880XlwSopIC1 Q Seaaallwreactim atA3 K o(Pd alu (bm ~L
(ddo"" tdinu 3P 10-1S A) depositd as cliaially cleaed Silooi eurfc(4

M3 P.. GrAndome. 7.3. Cowindbanr and A. Mudhukar. J. Vacuum S.. Technol. 20 (199:b 630: 3 ) 0
P4 Oiiahne. .3. O wuuae an A. %lshukar. J. Vacuum Sm C 73ILJ9m. 2 i~ )'

131 P.S. Mo. T.Y. Tam. Li Lamm and O.W Rublol J. Vacuum So. TecitnoL 16 (1979711M~
LL1. Pceea.L G.W. Redlof. ?.S. No and TiS. Kum. Phy&i Rev. Latter, 43 (1979) 13836.
1. Pfmu& O.W. Rubloff. P. Mo and TiS. Kiam L. Vacuum So. Technol. 17 (IM1)916:

G.W. RuabWEi P.S. Ho. JL. Proeedu ad LL. Lameit. Pb's. Rev. 323 (198114183:
PMS Ho. P& Schid ad X. Poll Phys. Row. Lawnr '6 (1981) '732.
IPA ft Mo oW- RublOll 3.1. Lswme V.3. Mm=a and A.A. William. Phys. Rev. 32-2 (1930)

PA. Soid.i P.A H&. IL Poll enA O.W. RabWof. J. VOacumI SCL. Technol. 18 (19911)937.
topor UPS adi Ase dean fm PdSa pwo by hat treatment at 2009C of Pd film ihicknes
a 30A) depeeiaeft SKiO11) ufaum

(103 A. F idel.i DJ. peinrmmea and 3.4 Wawer. J. Vacunt., S&. TecnoL. 19 (1"31) 657:
A. F wmes. DJ. Pueoria. LX. Weaer sad V.3. Mn-mm Ploys. Re'. 32U (1"2) 491:
A. P andeeL I.X4 Www. D.C OrN4iL Y. Chahal. Romafew. L.M. Post. 0. 3aim and C

7Callaro. J. Vsomm S&. TochmL 2d 1~2Sn Olhl. 214
(1110. Miuda. 3.34 Wmw and N.G. SwUL 3. ftyL .112 (1979) 662.

&13A Firsmoe and .34 Weaver. arbolublih&d.i pmeen a detail study of bul PdjSi .'
wwaddi phoummuat the Ad Cooper smmmi and at th 4p9- d ~~.

1131 A. Fmaoei. D.C. W 4dL 1.4 Weaver. . Scddi. 0.D. MeMater 0. Din ad C
Caladra. io be publiahed. will prmmt opertmental saudm of Cr59,u ad eumc dana"it of

(141 A. Puosma 3.34 Weaver and V.A. Scbmd thys Rev. J=6(19C).. for Nir.SI Ndi ad ' /~
(151 A. Fude ad 3.A1 Wiw. to be pubished.
114 33L W w. V.L MenandP-e FJ.S*=mdL hys. Row. =2 fI3)~ 2916. (49101Ai
11710. JIMmd C. Calsod" I3Pva.C14 (19f1)5479. . ( q C~
(110. ah andw LW. Caom fh!.. Rew. 325 t1982) A942.
(191 P.M. 3..].. AAL Duawenk. L.P. Tan and 14.1. Skae. J1. Phys. FlO (393) .2397.

(30 Slfmiaee mculsimafor NiS51. Iscryweilizasin hehigh syinmstrCaP: Itnacure
havm bee.npored by Yi. Omabal. D.A. Hamams. L.1 Roe and MI. Schia. ftve. Rev.
325 962)7"L6 and by D.M. lylander. L Ileimoas. L Madmick and WA3 Gns.. to be
publboedb In m meealuoth ead lasom for limd hae" assumemda sumucuu of4 bNo syeuy to -bmo syoms urlated to changm in smoichiomr.

1211 LW. Ceepor. fhys. Pm'. 128 (162) 681.
125 imed amiilmml volues dqmd soinewbs on how the sesmedarv backjrounmwd is ae

booammaLe t lithe beebpooad as mumed to be linear beowee 5 and 0eV. theFWHMwa
2.5 eV(fl51).2...U oV (VS2). 2XSb12.9oV(CrSi2). .9-2 eV (CdSi,) and 1.83eV (NiaSi:).

(231 YJ. OaL. A. Piensoes. 3.4 Weaver. 1.3. Rowe sad I.M. Pumt. Pbvs P eom S. .11,
(241 IL Owa S& Okada and T. Hanawa. Appl. Phys. Lettrs. 35 (19791705.
(251 L Okada L Owe. t iass and IL Stub. Surface So. 97 (191M)3I$-

ILOuts. S. Ohada Y. iKMhilaw and T. Henawa. AppL Phys. Lattars AO (982) 133.
(261 L Abbeta. 0. Rem. L. I isok cL Landsu.m W. Spicer and 3. De MikheliS. J. Ap Pbtvs

(271 RW. Do-er and J.W. Mayer. Appl. Pbs. Lawnr 20 (19r.) 39:
I.W. Mayer and LN. Tua. 2. Vacuum Sa. Tsbn.L 11 (197A) 36.



Phlame 1178 A 1153 (1963) 644147

SI-q(TAi. INTERFACE REACTION AND BULK ELECTRONIC STRUCTURE Of SILICIOES

A. Praoclosi and J.H. Weaver

Synchrotron Radiation Center
University of Wison, in-Madison
Stoughton. Wisconsin 53589 USA

We summrize synchrotrfn radiation photoemlsslon results for cleaved. bulk 3d transi-
tion metal disillcldes; and for the Interfaces of 51(Ill)-Cr. Si(111)-Ti. WIM11-Ca.
and $I1010)510.

We have undertaken a series of synchrotron In order to examine these systems and to Can-
radiation phetoemission studies which emphasige Crest the interfacial aooulk electronic inter-
$I-mesel interface formation and the electronic actions Of Si with d and non-d Netals, we
interactions In bulk metal suIicIdes. The initiated studies of the Ca-Si and Sm-Si systems.
approelt Is twofold. First, we have performed Preliminary results for these interfaces Snow
step-by-step analysis of SI1C6. 1 si-i.I SicCa, larger cote level snifts than have been observed
and Si-S." Interface formation through analysis For the d-band metals N%.5 4V for the S; Zp
of the Interface electronic Sructure as a cords) and major reductilons in the work funct ion
fumctten of metal Coerage en cleaved Will1). (mre than 2 elf) during room temperature re-
This work has Included both ream temperature action. Furthermore. the Sm-SI system exhibits
and high tomrature chareteriaation of the a Sam*2*Sm*ll valoe change that coincides wikh
slileidee which gram an SI. The goal Is to a transition between two stages of interface
cerrelate the different roactioen Stages with formation.

* . the establ ishment of the junction parameters.$
Seond. we hae Conducted studios of the'bulli Per these Si-Ca, SI-Sm, Si-Cr, and Si-Ti inter-
sillaldes of T!, V. Cr, Co. and Nis to charec- faces, the emission from intrinsic Si surface
terlso SI-metal Chemical bending In general, to states Is removed during tho early stages of
emphaslae the effect of stolehiometry variations interface formation and the final value of -.he
am the electropic structure, and for comparison Schottky barrier is reached at suomonolayer
of bulk slllcides and Interface reaction pro- coverage. Room temperature studies show a
&Muc. subsequent second stage of interface format ion

when an e"tended, intermixed transition region
In Fig. I we sham pheteemisslon Spectra for betwee metal and semiconductor is formed. The
sYveal disillcides to provide a general pfc- intermixed phases exhibit electronic structures

ture of the Ilectrnie states of bulk 3d-metal which differ from those of high temperature
disill sIdes. As shm m, the valence lads of reacted laterfacts.4 The establishment of the
the disllicideis of TI and V enhibit dominant Schottky barrier during the very early stages
3id-derIved spectral features 1-1 cV below RIP of interface formation and the relative inde-
(full width at half aslo of 2.5-3 eW) and a pendence of the srrier height on &ne In~g
relatively high density of states at 11p. Thes treatment or sulicide cempositlon:. 2 suggest
are primarily due to d states which are hybrid- that the fundamental parameoters of the junction
Ised with SI p-derlved states (shaded regions are determined by microscopic reaction on a
of M0). As one movp sacross the 3d transition Scale of I-2 atomic layers rather than by the
metal Series, the primarv feature shifts to subsequent stages of SI -metal react ion.
higher binding energy and EV falls In a region
where an Increasing number of amn-banding d The trends observed for SI-refract.orY metal,
states are present. The spectre for C01 2 and S;-rare earth, and Si-alkali eartn interfaces,
NI Ssama these grodeminantly nen-bending d the absence of a share Si-metal boundaries. and
states as a relatively narram band (N3 eV below the existence of complex interface morphologies
fir for NMI). The bending d states apper as adds substantially to tlhe ;icture of Si inter-
a shoulder at higher sidIng energy. Compri- faces which As previously included Cu. Ag, Au.
Sam Of experiment with thery 9~ reveals good Mi. Pd and PC..L rurtmer modeling of these
agreement through the suIciede sert"esad systems willI require systematic comiarison of
demonstrates the imeortance of Sl-p/metal.d bulk and interface results and will include :me
hybridization for bending. inherent innhomoenitv of tne Si-silicice-vac~um

Interface. such studies are underway zm Seerel
while the nature of the chemical bond for Iamoratorles end major orogress can 3e entici-
transition metal slllcldes is becoming better saited in the next Jew vearS.
estacllsnee. almost mothing is 4nown aeout
""nIng ;m metals -.ricn have few J electrons,
nosaslw t"e rare earins one :Pe alkali metals.-
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(an" 2d6 Jiu y 1983; accepted 11 April 1983)
We imod a wide moduleuia. oithe 51111)-As interface reaction by deposition of controlled
inmin of Cr on the sincodiacta surface before in amt junction fromanon. Synchrotron

*mdhom pooomsumi studis show that Cr deposition lives rise to a SI/Cr reacted interlayer
doat dramasimily &Mm doe sbsequent Si-Au inred sf.ion. Negligible interdhffsion of(Cc and
Asamsnhd nal m so that he Si-Au intermising depends upon an echange rato
at the S/C- A Wanterae in which Si is the only moving soumau Lag reduction of the
itmrdlO. on sw sharply above a critical value of Cr deposition (10 monolayen) that
coMsruF M i to a MulY reusud Sif 11 1)-Cr interface.

?ACS urunbes: 66J0Ny

1. IN I OCIJCTIOM 3 X 10"1 Tarr pressure was kept < 4X 10 Tarr during
Luadifloio an heia rectio at Si-mal iner Cr sublimation and < IX 10" during Au evaporationo. X-

he..i the subject of inense reec aimed to exli th, type. phosphorus-doped (1.501 cm) Si single crystals orient-
posalproeriesofS-et jncton. -*.Th prbem edaloug the (I11)1 direction were cleaved atprecutnotches to

am fm ft~j the nit of inai chmsty yield clean -04 11 1)-2X 1 sufmes. Inrerlayer of given thick-
cM the Sehouky huior highr*' to asmazing the ----iv ams were prepared by direc sublimation from a TA boan or
imom o( tborm, s e zuiin - -dlcs W baket octo the surface with coverage ec, monitored by a

md blkS60-.1 4 *3, Wdy 1 in determining the for- quarz~ thikDn'm umntor The cooqM=n 5t6r literfso
nodost kicsi n.g th fta si of thejmda" reaction.' cu gave rise to a S/Crinterinized phase"'$J at the crys-

Ram eIelmn o C~OUd utmum al suzwe. Such a phase was characterized by positioning
damatado anth poidbiltyof mo~ea mal the maple at the common focus of the monochromatic radi-

rinmmby vyig the thikass of a shin simple metal anon, bum and of the electron enWu analyMe and record-
intrlyerepsitd n te ntesc reio b r -the5u- ing photoelectron energ distribution cm-me IDCs of va-

cnctrandanoble moauL"" to what folow we Present lance and core levels before and after Cr deposition. Studies
a Sa ofthecanof refcMYmetl (ri ntefyeran f te S-Aureaction were then cartied out evaporating Au

a tyoinefa sefect dah rfa i tA u. etal ns wid trouta W coil. For claity, we will define the Cr coverage as
varinceof se S-Aureud. b moulatngthin 9Intaeayer thicknesa" and both the Au coverage 0,,

visiln *(the s-uetha ro this ytontr* and &c, wlbegiven A thgou the p ntermsof
dvum ag lwea rs taI ini dbthe Crelater- h thaeV 5111 sorfce atomic density of 7.6 x 10"4 atoms/cm itVWV loc l ovrCM O 113 o fw inh 'arne- i I A Cr w 1. 1 monolayers, IAn A-O0. monolayers).&a hMLThed~u stps finerfcs sc=tha w Synchrotro radiation frkom. the 240 MfeV electro storag
WOdid" atgO tmtmo thUeI SRI Iu l~a jun ring Tantalus at the Uivesity of W'Iuconsink-IMadisont was
diffren Malence ofshe Cr tnserlayer on the SI-Au interdif. monom zd with a 3m inoroidal grating monochrome-

ft M' So ifbecs.o hrog sycro or 112 Ohv< 135 eV). with a Seys-Namioka monochroma-
tamralaio p osmssamace h "Ic, ims.i sorl 1Z2hv,0OWL. or with a Grashopper grazig incidence

pt.. tadm oftooerall wii OfCuA unthen Eissir Inooromato (40ehv( 140 eV). The emitted photoelec-
pse aei.a.and frhe om SheA 5juncri3. Emind u m 41cre ns were energy analyzed with a commercial double-pass
levanes astamte ada functton ofthe Cr covrage Au, 4on cyindrical mirrors analyzer with a typical overall resolution
teels sacie- toAdesionad asa kcosoteCcvagnc0in (electrons plus phosons) of 0.3-0.4 eW. The data presented
An deposiio on SI/Cr Phae of given composition. Cr COV here repreent numerous cleaves and repetitive measure-
eragofO.1-l5 kA dUCOVengof -SOAN exmie menu of the various stages of interface formation.
ad we will discuss here pruliminary conclusions drawn
mainly from valence band phosoenussion ocsf oM~ l. RESULTS: S1(11I1)-Cr AND 51( 111)-Au
nature of the daffusion bamrer effect of the Cr interlayer for Any attempt at interpreting the present experimenta data

*, , 9-10 A. A quantitative presentagion of the core results requires an a prion understanding of both the Sil I1I1I1-Au
3114 a 4y~tematsc .uiavsis of the effect of the tntertayer f~or and the Sai1 I I-Cr interfaces. The Si I 1'./C.-A-u system.=~

I1 .. 9, 0" %: will be given In a following paper.;* fact. waschosen pa.manbr because both :heSi-c: andi Si-Aku
IL. EXIRIMENTAL tnterfacas are among the oestt a~r~e nta-ei~

ducor :nserfaces ano because of its tc note gicai relevance.
111u0fsa were Prepaed in siu in A ultrahigh vacuum For the Sii I1I1I)-Cr interface we have previously published

pbmoulueron spectrometer with operating pressure an extensive synchrotron radiation photoemnission :.nvest::a.

L
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Strongly bound chemlsorptlon state for benzene on silicon (I111)
A. PC Plancosze"

F. Cesrin
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lReceived 14 Febsuary 1983; accepted for publication 14 March 1983)
Dramatic difrences wer observe between the room-temperature reactivity of benzene on
cleaved Si and on cleaved Ge and GaAs with synchrotron-radiation photoemiission. No evidence
of baenm adsorption was observed on Go or GAs. On Si we unexpectedly observed a strongly
bouend ma probably due to the formation of phenylic-like C-Si bonds.

PACS numbers: 68.4S.Da. 82.65.My

Recent experiments' on pyidinir molecules cheims- phase benzene photoemission spectra." peaks. C. D, and E.
ohe on Ni and Ga sufaicevs detected stable chemitorption ln contrast. the spectra of Fig. 2 for GraAs. taken at expo-

states due to the flormation of chemical bonds involving m- sume 1-2 orders of magnitude larger than for SiL exhibit only
trolen long-pear electrons. Them resuks raised the following the spectral features of clean Gams I110).' Similar experi-
question: bow can stable chemisorptioni bonds be foamed ments, on benzene-exposed Ge (1I11) give only the spectral
betwe seiconducto Sur&ace and aomac molecules features of clean Ge (I11) after exposures in the 600-1000-1.
without lone paow? In pusicular, do stable chemisorption r~W'e
state exist at all for these systems? We trie to answer these The mmits shownt in Fig. I ame representative of numer-
questions by investigating the adsorption of benzene. the ous cleaves of Si and were nearly insensitive to the quality of
most fuindamental, aromatic molecule, on SL, Gea, and GraAs. the cleave. Experiments using s-pola-rized light (with the po-
Our synchrotroni'mdiation phoweomission results show that
no stable chemisorpdou state emisu at room temtperture for
benzene on Ge and GaMs surfaces. Quite unexpectedly,
however, we discovere a strongly bound chemisorptionD
state for the benzene molecule on cleaved Si II I I a room
temperature. presumably due to the removal of one H atom * SiVf1I
ad die establishmen oa C-Si bond.& SENZENF-

*Thes experiments were performed in an ultrahigh

vacuum chsmber with bmspreesure~ < 4X 10- Tow.2 The C *

samples were ether cleaved in benme atmosphere or sy

surfaces obtained with both procedlures gave tie same pho- A%toemusiosa spectra. The besim p ee=ue was 0.6-3 x 107*
Torr. witht purity teste by a mm spectrometer. At the end B~*
ofasch exposur the baeewas evacuated, thereby retor- A~"
ing the utahigh vaiuum. The photounission spectra wee1
taken upon exciation by , 9 -hromatixed 12-30.eV pho- -F
tons from the University of Wisconsin Storage Ring Tanta-
lus. using a comsputer-controlled! double-pass cylindrical I '1

mirror analyzer. jJ2
The dramsatic differences between cleaved Si and GaAs 2e

surface exposed to benzene are emphasized by Figs. I and 2 .15 i~o ot E
where we show photoemission spectra for -1IS0 Langinuirs :-eV1
W~ of benzene of cleaved Si I4I111 IX 1. and for much higher FIG, 1. Angie-integrated photoemission spectra taken on bezuene-covered
exposures for cleaved GaAs dI 10. The spectra of Fig. I Si, I I III I -expuure - 180 L. The raw data are shown togethser wisth
clearly exhibit the three nost intense features of the gas- zomputer-generated smootn linis. The ,mr i :.4eh~onzonttaa scaies the

,lowe eole of the spectra. o 'mns. raa.estK:e.,.
0n ae fom he nsusa~ ofGmnna Cmn~ssr. Uivesit ~fRom. :ons of tne three most intense %t e:Aeatures ,,( ps-onuie o-enze e. .c

00100 Rom. Italy. symmetry f -F -,? and 0, INC Ref. :. :hese pmr'ions were alignea with re-
AvUSW to whom a&H correspondrinu should be addressed. speat to out spectra to obtain the best 1,a

............



1,6OOL4 with formation of Si-C bonds upon removal of a H atm.* A
GaAsC10)* prAW, it would seem that the first configuration should be

BENZENE. preferred because of the magnitude of the activation energy
1required to remove one of the H atoms. However, several

14,60 tL" # hvs 1eV facts indicate that the second configuration is the one occur-

i"I k ring in this case. First, a geometry with the benzene ring
parallel to the surface would imply strong photon-polariza-
tion effects in the spectral features related to benzene r orbi-
tals--- it was observed, for example. for the o, bonds of C, on Si I(111).V Howeve, these strong effects were nat ob-

.served. Instead, the results are more consistent with the
standing-up configuration, since this nonparallel configura-
tio should give much weaker polarization effects due to the
mixed p, and p, character of the spectral features. Second.
the two peaks A and B close to E, appear related to the

\A formation of bonds involving the Si atoms. Qualiatiely si-
milar structures are produced upon formation of Si-Cl and
Si-H bonds." although their positions in energy are differ-
ent from those of peaks A and B. Firaay, we observed a
removal of the gas-phase degeneracy f peak C, similar to

-15 -0 -5 OLV what is observed for all molecules derived from benzene
EC*V3 upon substitution for a H atom by a different atom or radi-71-. PI oiebo s2,r wke q •as -1 O&Md I 1101 Awm much cal.,

~ bz im tmm qm i dm off 1. Both speum = dlow to the

dew-GaAs spa= m R .3) aud show mn gida of bamm admrp- In conclusion, we found a unique. strongly bound che-
no.. misorption state for benzene on room-temperature Si (111),

not observed for Ge or GaAs. Our experimental results sug-

larizati- veco perpendiular to the pl eof idnd ce) a got a chemisorption geometry with the benzene ring not
mixed s ando p-pad e pdudced spectr a d which parallel to the mrfae and the formation of a chemisorptionmixed l e an pepolariz p o sp er bond between Si and C, leading to a phenylic configuation.
hibited little dependence on the po zation. Fthermen . At the moment, the cause of the different reactivity of ben-
the spectralline shape did no chang with the benzene expo- zne on Si and on Ge and GaAs is not clear.
sure o for total e poIse in the rnte 1 e.80 La Thu work was supported in part by the National

We observe in ill rsixdiferent feaures labeled A-F. Science Foundation. Grant DMR4200518, and by the
Of these, the arndly resolved doublet C and the peaks D ARO, Grant DAAG 29/8I/K/0140. One of the authors tG.
and E correspond to the most intense le,,(1 , 1a1,(t MVlX was supported in part by the University of Wisconsin
+ 3e,,ov and 3e,,jeu + i (u. lb,,j. bands of is- Graduate School Research Committee. We are grateful to
phase benzene. The presence ofthose features shows that the Ed Rowe and t the etire stof the Univerty of Wiscon-
benzene molecule is not decomposed although. as we shal d sin Sy anhrotrot Radiion tter (supported by the ISF
discss below, there ar mdications that one of its H atoms is snSnt R Center spe the NSr
replaed in the chemisorption bonding process. The weak pant DMR 80-20164) for their expert astce.
future F probably corresponds to te be e le,(a) band. 3

The remaining feamres, peaks A and B, are likely to be relat-
ed to the formation of chemiaorption bonds involving the 'SL N. PtanuuL 0. Mmaanado. a J. IE. Row. Solid Stat. Comn-
"dangling bond" of the Si (1 IIt surface. The experimenta im 4 219 (193.
positions of peaks A. B, D, L, and F. measured from the I o bm o an nm il 3auM 7m n dambed in G. Ma taprao.d

J. H. Waww. aind N. 0. Stotali. Pty. E 12., 211979).
upper edge of the specra. I, are -2.L- 3.7,- 8.5.- 10.8. 'OW. Turr C3aker. A. D. Buek. a d C R. 9nmd.%fok1.aw Pto-
and - 12.8 eV (accuracy: :t 0.2 eV). The two components . wp .Spafguu" MIey. Landon. 19701. and rsdfmaeman t n.
o(peak C are 5.5 and 6.4 eV below E,. No spectral features of '0. Mirpmodo. N. 0. S el A. D. Kamu. IL S. Eduira. and C. .
clan Si were observed, consistent with previous studies of Detoma. J. Va . SL TechnoL 18. 784 1193 11.13@& for ampic D. L. Lloy. C M. Quinn. and N. V. Richarson. Solid
chemisorption or organic molecules.' . 1 .

Two chemisorpiion configurations were examined to '0. rodea, T. thodi. and W. Capeban. Surf. Sca. 6t. 14t I19r1.
explain the above features. The rst configuration is with the 'IL- Rowe. 0. MUraqtnindo. and S. B. Chznsman. Phys. Re v. 8 16. 1.31

benzene ring parallel to the Si surface, and with chemisorp- (197".MN. S iIuter. J. . Rowe. 0. Magrintondo. K. M. Ho. and. . L.
Cohe. Phys. Rev. Lot. 37. 1632! 19761.

tion bonds involving the benzene -r orbitals.' The second IS.. for exampie. K. C. Pandui. T. Sakuria. and H. D. Hapitun. Phys.configurauon is with the ring not parallel to the surface. and Rev. Lan. 35. 1728 1975.



AN INTERFACE CATALYTIC EFFECT: Cr AT THE Si(lll)-Au INTERFACE

A. Franciosi and J. H. Weaver

Department of Chemical Engineering and Materials Science
University of Minnesota, Minneapolis, MH 55455

and

D. G. O'Neill

Synchrotron Radiation Center, University of Wisconsin-Madison
Stoughton, WI 53589

ABSTRACT

Synchrotron radiation photoemission studies of the effect of Cr

Interlayers on Si(lll)-Au interface reaction show chat Cr concentrations

15 2below 1 x 10 atoms1/c 2 retard Si-Au intermixing, concentrations

between 1 and 7.5 x 1015 atoms/cm2 promote Si-Au intermixing, and con-

centrations in excess of 8 x 10 15 atoms/ca 2 sharply reduce intermixing.

These variations are shown to depend on the three formation stages of the

Si-Cr junction. Cr itself is shown only to be indirectly involved in

4. the Si-Au reaction and Si is to be the only moving species.
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Stoichiometry and Structural Disorder Effects on the
Electronic Structure of Ni and Pd Silicides
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ABSTRACT

Synchrotron radiation ultraviolet photoemission studies of the

electronic structure of both stoichiometric epitaxial silicides

(NiSi2 and Pd2Si) and metal rich phases (NixSi and Pd xSi) obtained

by low energy.ion sputtering (lKeV) are performed. The data for
>0

thick (1000-2000A), annealed epitaxial stoichiometric silicides

(NiSi 2 and Pd2 Si) are in good agreement with first principle and

semiempirical calculations, indicating little variation of the

surface electronic structure with respect to the bulk. The spectra

associated vwth varying average metal concentrations (x - 0.5 to

3.5 for nickel silicides ana x - 2 to 7.6 for palladium sLlicides)

are dominated by the local atomic bonding configuration: for nickel
silicides, the NiSi2 structure is replaced by NiSi and Ni2Si subunits

in a discrete fashion as the average metal concentration increases

while, for palladium silicides, the Pd SI local bonding remains

dominant. A large number of NixSi and Pdx Si mixtures could be

x!
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Abs tract

We present synchrotron radiation photoemission studies of bulk CrSi 2

and sulicide phases grown on Si by thermal processing of the Si-Cr inter-

face. Experimept shows that Si-Cr interface formation at room temperature

results in reacted phases that differ from both bulk CrSi 2 and in situ grown

Si-rich CrSi 2 . Extended Huckel LCAO calculations of the density of states

of Cr 3 Si, Cdi, and CrSi 2 show that Si-Cr bond formation involves Si-p and

Cr-d states with minimal charge transfer.
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